Zeev Zalevsky, "Noncontact speckle-based optical sensor for detection of glucose concentration using magneto-optic effect," J. Biomed. Opt. 21 (6) Abstract. We experimentally verify a speckle-based technique for noncontact measurement of glucose concentration in the bloodstream. The final device is intended to be a single wristwatch-style device containing a laser, a camera, and an alternating current (ac) electromagnet generated by a solenoid. The experiments presented are performed in vitro as proof of the concept. When a glucose substance is inserted into a solenoid generating an ac magnetic field, it exhibits Faraday rotation, which affects the temporal changes of the secondary speckle pattern distributions. The temporal frequency resulting from the ac magnetic field was found to have a lock-in amplification role, which increased the observability of the relatively small magneto-optic effect. Experimental results to support the proposed concept are presented.
Noncontact speckle-based optical sensor for detection of glucose concentration using magneto-optic effect Nisan 
Introduction
Diabetes mellitus is a metabolic disease, which results in high glucose concentration in the blood. In type I diabetes, the pancreas does not produce enough insulin. This condition is referred to as "insulin-dependent diabetes mellitus" or "juvenile diabetes." In type II diabetes, the cells do not respond to the insulin that is produced. Type II, which is often called "noninsulin-dependent diabetes mellitus" or "adult-onset diabetes," is strongly related to the modern life style. 1 More than 95% of all diabetic patients have type II, which affects 25.8 million people of all ages in the United States (8.3% of the U.S. population). Worldwide, 347 million people suffer from diabetes. 2 Diabetic patients must continuously monitor their blood glucose level in order to avoid the most harmful effects of the disease. Currently, the most common way to measure glucose is by pricking a finger and applying the blood droplet to a strip. The blood sample is inserted into a glucometer and the flux of the glucose reaction generates an electrical signal. This electrical signal is converted to glucose concentration in a blood readout. There are still many challenges related to the achievement of reliable glycemic monitoring, despite the impressive advances in glucose biosensors. Therefore, one of the most important goals of medicine is the development of a noninvasive method to measure glucose concentration in the blood.
During the past 15 years, noninvasive methods such as optical coherence tomography (OCT), time-resolved and spatialresolved modalities were presented. One method is measuring the intensity and the energy of backscattered light while femtosecond laser pulses illuminate a layer with different glucose concentrations. 3 The energy is measured with a fiber detector. It was shown that the pulse energy linearly depends on the glucose concentration, especially by using detectors with large numerical aperture. Another method analyzes the time of flight (TOF) with different glucose concentrations in scattering media. 4 This technique is based on pulse broadening, as well as on time delay of the pulse maximum relatively to the initial pulse. Slight changes of these two parameters as a function of glucose concentration were revealed while laser pulses with FWHM of 30 ps were used. Spectral and refractive index measurements as a function of blood glucose and glycated proteins level were also presented. 5 The refractive index measurements were based on Abbe refractometer with high precision. The spectral results show the indirect effect of hemoglobin nearinfrared absorbance as a function of the glucose concentration in blood. During the last 15 years, OCT methods 6, 7 for detecting glucose concentration were also presented. One method 6 presents a measurement of the OCT signal slope as a function of the glucose concentration; the other 7 compares TOF and OCT techniques. The study proves that the TOF technique is more sensitive with respect to OCT. The sensitivity of TOF is much higher with intralipid (IL) solution due to longer path lengths.
The proposed technology offers a means of meeting that goal. The rotation of linearly polarized light passing through a material medium while applying a magnetic field is called the Faraday effect. 8, 9 The left and right waves propagate at different velocities and cause circular birefringence due to the magnetic field.
Speckle field is generated due to backscattered light from a rough surface. 10 There are several effects that can change the speckle field such as temporal skin movement, a very useful effect for biomedical monitoring. [11] [12] [13] [14] [15] [16] [17] Another effect is the change in the incident wavefront caused by the change in the polarization state. This change will also lead to changes in the speckle pattern. Therefore, a change in the polarization state of the incident wavefront by different concentrations of glucose produces a change in the detected speckle field. The transmittance and the reflectance of the incident beam depend upon the angle of incidence; thus, the complex amplitude of the reflected light from the illuminated spot changes with polarization and hence changes the resulting speckle field. Recently, a method for the detection of very small rotations using the change of the speckle field was developed. 18 Recent research demonstrated a temporal variation caused by the change in temporal skin vibration profile together with the change in the magnetic medium that is generated over time. 19 The innovation presented in this paper is the alternating current (ac) magnetic field, which increased the observability of the relatively small magneto-optic effect in addition to other proven effects.
Materials and Methods

Glucose Verdet Constant
The polarization rotation angle for the light beam propagating through magneto-optic materials is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 4 5 2 θ ¼ ϑBL
where ϑ is the Verdet constant, B is the magnetic field, L is the interaction length, λ 0 is the optical wavelength, and Δn is the difference in index of refraction between two circularly polarized states leading to the rotation. Verdet constant 20 is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ;
where α is the angular rotation, l is the length path through the substance, H is the intensity of the magnetic field, and φ is the angle between the magnetic field and the path of the light. The molecular magnetic rotary power of glucose relative to water is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 2 9 1 ½Ω ¼
where M is the molecular weight, V is the Verdet constant, and d is the molecular density. 15 The molecular weight of water and glucose is 180.1559 and 18.01527 g∕mol, respectively. The molecular density of glucose and water is 1540 and 1000 kg∕m 3 , respectively. The Verdet constant of water is 3.8 rad∕m·Tesla. According to Eq. (3), at a wavelength of 589.3 nm and a temperature of 20°C, the Verdet constant of glucose is 3.94 rad∕m·Tesla.
Speckle Changes Due to the Magnetic Field
As shown in Fig. 1 , the sensor consists of a continuous-wave, collimated and focused laser (laser diode, Thorlabs, CPS532-C2) with 0.9 mW power with a beam size of ∼5 mm. Note that the system is classified as laser safety class 2, which is considered very safe for skin exposure (<1 mW). The frame rate of the first configuration (high-concentration test) is 1020 Hz, while the frame rate of the second configuration (low-concentration test) is 525 Hz. The image size is 128 × 128 pixels. The beam was passed along the axis of the solenoid while different magnetic fields were applied. The magnetic field was measured with DC/AC Gaussmeter (AlphaLab, GM2). The sample (a glucose substance) was inserted into the solenoid. Different glucose concentrations were used in this experiment as the magnetooptic medium. Three different levels of magnetic fields were applied as a function of the injected current (1, 2, and 3 A).
In order to examine the magnet effect while the magnetooptic medium material is glucose substance, we applied three different dc magnetic fields per each trail. During this experiment, the glucose concentration was 0.2% (200 mg∕dl). First, a series of reference speckle patterns (without any magnetic field) were recorded for 60 s at 2 Hz frame rate (fps). When the magnetic field was applied, the plane of polarization of the beam rotated. A correlation coefficient between the current frame and the reference frame, for each of these videos, was computed and was time-averaged. Figure 2 shows the difference between the correlation coefficients of different magnetic fields that were applied. In order to examine the effect, a square wave of magnetic field was applied to prove that the Faraday effect changes the speckle pattern. In order to isolate the pattern change, each frame was normalized as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 3 0 5f ðx; yÞ ¼ fðx; yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P N x¼0 P M y¼0 fðx; yÞ 2 q : (4) Figure 3 shows that there is a change of the intensity as well as a change of the value of the correlation peak, where the Fig. 1 The optical configuration scheme for remote in vitro dc measuring of glucose concentration. intensity value rose and the normalized correlation peak fell.
One can see in Fig. 3 , three different magnetic field change indicators: (1) the intensity change of the image, (2) the speckle pattern correlation coefficient temporal change, and (3) the maximum peak location of the temporal correlation between one speckle pattern and the next. The correlation coefficient was normalized due to the energy of the image. The goal is to prove that the change of the magnetic field, while polarized light passes through a glucose solution, results in the change of the speckle pattern. In addition, change of the wave front due to change of the polarization angle will affect the intensity. However, the intensity parameter can also be affected by extraneous factors such as changes of external illumination conditions, whereas normalized correlation coefficient will not be affected by such changes. The main reason for calculating the correlation coefficients is that the reflected light complex amplitude changes with polarization and hence changes the resulting speckle field. Change in the magnetic medium that is generated by time-varied glucose concentration caused temporal changes of the speckle field, which is evaluated by the correlation coefficient of the speckle images row data.
Results
High-Concentration Test
During the following test, a C-core magnet was used (Fig. 4) in order to avoid mechanical and acoustic noises. The measured magnetic field was 100 G (G = Gauss) at 77 Hz. Initially, in order to prove the presented effect, high concentrations of glucose were tested: 10%, 3%, 1%, and 0.25%. Each sample also included 3% of IL. A pipette was used to prepare each sample in order to insert the precise (0.15%) quantity of the solution such that the experimentally measured effects will indeed indicate the change in the glucose concentration and not an inaccurate variation of the amount of water in the examined tube. In order to enhance the effect, an ac magnetic field was applied. After extracting the speckle pattern in each frame, the correlation was calculated, revealing a change in the twodimensional (2-D) position of the correlation peak and in the value of the peak as a function of time. The algorithm is primarily based upon correlation between the images of the speckle patterns in temporally adjacent frames and the movement in the position and the value of the obtained correlation peak. During the following test, we examined the frequency response at 77 Hz (the ac magnet frequency) of the correlation peak position. One can see in Fig. 4(b) the optical frequency response of a solution containing 3% concentration of glucose with 3% concentration of IL applied to a magnetic field at a frequency of 77 Hz.
Low-Concentration Test
In order to detect lower concentrations of glucose, a system was constructed to apply high magnetic fields [ Fig. 6(a) ]. The presented system is stable with high current; hence, at 77 Hz, the maximum magnetic field was 700 G. The first test examined the difference between 50 mg∕dl glucose concentration and 200 mg∕dl glucose concentration. The sample contained 1000 μL of fluid for each of the medium. Two sets of experiments Fig. 3 (a) The value of the maximum peak of correlation between each image and the first image, (b) the intensity of each image, and (c) the location of the maximum peak of correlation between each image and the first image. Fig. 4 (a) The optical configuration using a C-core magnet and (b) the frequency (spectral) response, while the applied magnetic excitation frequency was 77 Hz.
Journal of Biomedical Optics 065001-3 June 2016 • Vol. 21 (6) were conducted. Each set presents different samples of water and 200 mg∕dl of glucose. Each experiment was repeated three times. Each time, the sample was extracted from the equipment and a new sample formulated and inserted so as to validate replicability and measurement consistency. Figure 6 (b) compares the spectral response measured at the excitation frequency between water and a solution with glucose concentration of 200 mg∕dl. Note that Figs. 6, 7, and 8 show other configurations with other parameters such as focus, distance, and magnetic field strength. The distance and the focus change the sensitivity of the camera to the speckle pattern movement. Therefore, the peak as well as the noise level changed with respect to Fig. 5 . The noise level is considered very low (<0.5 pix), as shown in Fig. 6(c) . Figure 6 (c) shows the 200 mg∕dl spectral response of Fig. 6(b) with respect to water. During the last experimental step (Fig. 7) , solutions of 50, 150, and 250 mg∕dl were analyzed. Again, each trial was repeated three times, with a different solution in the same concentration. Figure 7 shows the difference in the spectral response at the excitation frequency with respect to the changes in the glucose concentration. The bars around each measured value indicate the standard deviation (STD) of the performed measurement.
In the next step, samples of 1000 μL of fluid, containing 1% IL and different concentrations of glucose were examined (concentrations of 0%, 0.1%, 0.2%, and 0.25%). Figure 8 shows the variation in spectral response at those levels of glucose concentration. As before, the bars around each measured value indicate the STD of the performed measurement.
Discussion
In Fig. 6 , the STDs of the water measurement compared to the 200 mg∕dl solution are 0.05 and 0.1 pix, respectively. These values are considered low due to the fact the STD values are <2.5% of the mean value. In Fig. 7 , the STDs of 50, 100, Fig. 5 The frequency response at the excitation frequency as a function of the glucose concentration. One can see that the maximum deviation in this case is <12% of the mean value. Note that the deviations are caused by acoustical noise. This noise will be compensated for during the next phase of the research in the near future. In Ref. 19 , a method for remote detection of glucose concentration in blood was presented. This technique is based on two effects: (1) tracking of temporal changes of reflected secondary speckles produced when the wrist was illuminated by a laser beam and (2) change in the magnetic medium that is generated by time-varied glucose concentration. Reference 19 was based on the rotation of linearly polarized light caused by applying a dc magnetic field. The approach is based on analyzing the optical cardiogram (OCG), which is the change in the 2-D position of the peak versus time. The OCG is affected by the viscosity of blood, which changes with the glucose concentration, as well as by the change of the magnetic medium that is generated by timevaried glucose concentration. Despite the good results in comparison to conventional reference measurements, there are a few disadvantages to such a method, which can be eliminated using the method presented in this paper. The specificity can be improved due to the difference of the spectral response at the excitation frequency between different materials while an external ac magnetic field is applied. The OCG amplitude can also be affected by other biomedical parameters, such as blood pressure, alcohol consumption, and dehydration level. The change of the linear rotation angle will be affected only by the Verdet constant of the examined material. Sensitivity can also be improved with the presented method due to the lock-in amplification role of the ac magnetic field. The final goal is to develop a device that will combine both the approach of Ref. 19 and the approach presented in this paper. The novelties presented in this paper are as follows: (1) measuring the frequency response of the magnetic field directly, in contrast to Ref. 19 where the field affects the OCG graph; (2) the specificity, due to the Verdet constant of glucose; and (3) lock-in amplification effect when an ac magnetic field is applied and the frequency response at the excitation is analyzed. This amplification increases the observability of the relatively small magneto-optic effect.
IL was used in order to mimic the scattering properties of biological tissue of 532 nm. Furthermore, IL increases the scattering, which causes longer path lengths of detected photons. Longer path lengths increase the change of the polarized angle and, therefore, the correlation coefficient value. One can see in Fig. 8 (glucose concentration with 1% IL) higher sensitivity of the STD with respect to Fig. 7 (without IL).
Conclusions
This paper presents the first steps toward developing a module for detection of glucose concentration using the Faraday effect with an ac magnetic field. Developing a practical sensor will involve a number of technological challenges. The main challenge is to add a mechanical and acoustic cancelation mechanism since acoustic and mechanical noises are currently evident during the measurements while the ac magnetic field is applied. Several methods can enhance the measurement resolution such as an acoustic cage or using a rotating magnetic field for the locking amplifier method. A more robust, generic, and automatic calibration process that will translate the optical readout into the exact value of the estimated biomedical parameter is also required. The glucose test showed the feasibility of detecting high as well as low glucose concentrations with a maximal ac magnetic field of 700 G. Fig. 7 The optical frequency response of 50, 150, and 250 mg∕dl glucose concentrations. 
